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ABSTRACT: In this contribution, new SrTiO3-based materials have been developed and their catalytic and electrocatalytic
properties have been tuned by cation insertion, nanocomposition, and infiltration. The aim is to develop highly functional materials
within a critical raw material-free approach with a particular aim toward durability and stability [under operating conditions of solid
oxide fuel cell (SOFC) anodes] and activity toward biogas. We started from a sustainable and durable perovskite, SrTiO3, with the
aim of implementing performances with insertion of Ba and Mo into the crystalline cell. The catalysts are BaxSr1−xTi1−yMoyO3, with
x = 0 and 0.5 and y = 0, 0.1, and 0.4. Water-based wet chemistry procedures were developed specifically for each compound to
obtain high purity and control barium and molybdenum insertion into the perovskite lattice. This result has been successfully
obtained by means of a detailed characterization (X-ray diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy,
energy-dispersive X-ray spectroscopy, temperature-programmed desorption, temperature-programmed reduction, and Brunauer-
EmmettTeller) carried out during each preparation steps. We demonstrated that catalytic (methane dry reforming and CO oxidation
is obtained with SrTi0.9Mo0.1O3) and electrocatalytic (of SrTi0.6Mo0.4O3 as the anode in SOFCs) activities can be developed starting
from an economic, sustainable, and robust material. Activity enhancement was obtained with nickel nanodeposition (wet
impregnation and infiltration).

■ INTRODUCTION

Several materials exhibit high catalytic and electrocatalytic
performances, mainly due to the presence of noble metals. Our
aim is developing these functionalities while avoiding noble
metals in a critical raw material (CRM)-free approach. To this
aim, we start from sustainable but not catalytically active
SrTiO3 and develop catalytic and electrocatalytic perform-
ances. The target of our work is to demonstrate good catalytic
activity in CO oxidation and in methane dry reforming (MDR)
and the possibility to evaluate doped titanates as anodes in
solid oxide fuel cell (SOFC) adding the capability to operate
with C-containing fuels. Ni-based technology, in fact, is limited
by the attitude of Ni toward hydrocarbons cracking and C-
poisoning.
SrTiO3-derived systems are characterized by good stability at

high temperatures under severe reducing and oxidizing
conditions, and by a low environmental and economic impact;
their possible use as a superconductor1 and photocatalyst2,3

has already been claimed. SrTiO3 is not characterized by high
electrical conductivity or catalytic activity; with the present
contribution, we demonstrate that these properties can be
developed through a suitable insertion of cations into the
perovskitic cell and building new interface active sites through
nanocomposition and nanoinfiltration. We expect catalytic and
electrocatalytic activity to be enhanced by inserting Mo in the
B-site because of the capability of this element to create redox
couples.4−9 Mo stable oxidation state is (VI), but in a II−IV
perovskite, the Mo(IV) has to prevail, so a redox couple
Mo(IV)/Mo(VI) is forced. This oxidation state transition

implies passage through Mo(V) which induces the formation
of electronic states inside the band gap capable of contributing
to redox catalysis mechanisms.
Hence, in principle, molybdates, SrMoO3 and BaMoO3,

besides having high electronic conductivity, are good catalysts;
moreover, no significant carbon limitation poisoning is
observed.10 Molybdenum is characterized by the attitude to
be stable in high oxidation state (+6); to obtain the correct
phase,11 strong reducing treatment is thus required. The
consequence is a low stability of the molybdates under
operating conditions.12

We decided for the opposite strategy: the insertion of Mo in
the Ti sites (testing the effect of the increasing amount of Mo)
with the aim of improving catalytic and electrocatalytic
properties while maintaining the stability and robustness of
SrTiO3. The substitution of Ti(IV) (0.605 Å 6-coordinated13)
with Mo(IV) should cause a crystal cell deformation (lower
than in the case of Sr/Ba; Mo(IV) ionic radius when 6-
coordinated is 0.65 Å) but not oxygen vacancies; the
substitution of Ti(IV) with Mo(VI) (0.59 Å if 6-
coordinated13) should not cause a significant deformation of
the cell but can affect the oxidation state of titanium and the
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oxygen content to maintain electroneutrality. We demonstrate
in this article that cation insertion into the lattice can be used
to tune ionic mobility, reducibility, and surface segregation,
hence obtaining good catalysts and electrocatalysts from an
almost inert perovskite. The oxygen un-balance and the
Mo(IV)/Mo(VI) redox couple should allow us to develop a
mixed ionic electronic conductor (MIEC), hence minimizing
the triple phase boundary problems.14

The insertion of Ba into the lattice is usually carried out to
avoid H2S poisoning when using, as an example, biogas.15 Our
aim, in the present case, is to verify the conservation of the
stability and its effect on ions mobility, in view of the
application in SOFCs fed with real biogas. A structural
deformation can be caused by the substitution of Sr (ionic
radius 1.44 Å when XII coordinated11) with Ba(II) (1.61 Å
when XII coordinated13) that could tune ion mobility and
affect stability.
In this contribution, we developed and optimized a specific

preparation procedure for each composition to obtain in-cell
cation substitution avoiding segregation of undesired phases.
Further conductivity and reactivity have been reached

building nanocomposites with Ni by means of wet
impregnation (for catalysis application) and infiltration (for
electrocatalysis application in a SOFC). Ni deposition
enhances conductivity and allows the development of new
active sites at the interface. CH4 activation, in fact, is observed
to be enhanced at the interfaces of metal/oxide.16 Wet
impregnation was preferred as a starting point for the
nanocomposites because it is easy and scalable, and it allows

the deposition of the desired amount of activating materials.
Eventually, infiltration was used to improve the titanate-based
SOFC anode performance. The advantage of the infiltration
technique is the homogeneous mixing of the cations at the low
calcination temperatures required; lower temperatures allow
avoiding cation interdiffusion between an electrode and
electrolyte during the cell preparation and the development
of net metal/MIEC oxide interfaces.17

Summarizing, the samples studied are:

1 SrTi0.9Mo0.1O3 (hereafter ST9M1)
2 SrTi0.6Mo0.4O3, (hereafter ST6M4)
3 Ba0.5Sr0.5Ti0.9Mo0.1O3, (hereafter BST9M1)
4 NiO(0.3 mol)/SrTi0.9Mo0.1O3 (Ni/ST9M1)
5 NiO(0.3 mol)/SrTi0.6Mo0.4O3(Ni/ST6M4)

The characterization of the prepared compounds was carried
out by means of X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), BrunauerEm-
mettTeller, and temperature programmed reduction and
desorption (TPR, TPD). The results of the characterization,
with particular reference to the XRD, have been the base for
the development and optimization of the synthesis procedures.
The stability after cation insertion was verified both in
reductive and oxidative environments. The catalytic activity
was studied in two strategic probe reactions: CO oxidation and
methane dry reforming (MDR); the electrocatalytic behavior
was investigated testing the material as an anode of a SOFC.
The possibility to address catalytic and electrocatalytic

Table 1. Thermal Treatments, Pretreatments, and Environmental Conditions Tested for Optimizing the Synthesis Procedure
to Insert Mo and Ba in SrTiO3; the Goldsmith Tolerance Factor (t)5 is Also Determined Considering Both Mo(IV) and
Mo(VI) to Evaluate the Difference

thermal treatment

Composition Goodman tolerance factor pretreatments °C environment h correct phase

SrTi0.9Mo0.1O3 400 °C, 2 h air 1000 Air 6 no
400 °C, 2 h air 850 Air 6 no
400 °C, 2 h air 850 H2 6 no
400 °C, 2 h air 1000 5% H2/Ar 6 yes with Mo impurity

no 1000 5% H2/Ar 6 yes with Mo impurity
no 1000 20% H2/Ar 6 yes with Mo impurity
No 1000 5% H2/Ar wet 6 yes with trace of

impurity
400 °C, 2 h air 1000 5% H2/Ar wet 6 yes with trace of

impurity
no 1000 5% H2/Ar wet 12 yes with trace of

impurity
1.006802 (100% Mo(IV)),
1.009498 (100% Mo(VI))

no 1200 5% H2/Ar wet 6 yes

SrTi0.6Mo0.4O3 no 1000 Air 6 no
no 1000 5% H2/Ar 6 yes with Mo impurity
no 1000 5% H2/Ar wet 6 yes with trace of Mo

impurity
0.999913 (100% Mo(IV))
1.012226 (100% Mo(VI))

no 1200 5% H2/Ar wet 6 yes with trace of Mo
impurity

Ba0.5Sr0.5Ti0.9Mo0.1O3 400 °C, 2 h air 1000 Air 6 no
400 °C, 2 h air 1000 5% H2/Ar 6 no
400 °C, 2 h air 1000 5% H2/Ar wet 6 no

no 1000 5% H2/Ar wet 6 yes with trace of Mo
impurity

no 850 5% H2/Ar ethanol 6 no
no 1000 5% H2/Ar ethanol 6 yes with impurity

0.990563 (100% Mo(IV)),
0.993605 (100% Mo(VI))

no 1000 5% H2/Ar ethanol/water
50% vol

6 yes
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activities by using a nanodecoration approach has been
investigated considering nickel well dispersed active species.

■ RESULTS AND DISCUSSION: CHARACTERIZATION
Structure Investigation (XRD). The synthesis procedures

have been optimized for each sample, and the effect of different
reducing conditions have been evaluated (Table 1). Figure 1a
displays the diffraction patterns of ST9M1. If the thermal
treatment is carried out in air, an undesired insulator phase,
SrMoO4, forms in addition to SrTiO3. This phase is observed
to segregate during the synthesis at low temperatures;18−21 to
avoid its formation, specific conditions for thermal treatment
have been compared and optimized (Table 1). The best result
was obtained by heating in 5% H2 + H2O environment.
Treatments in air always give rise to the insulant impurity
phase, while reduction is too strong without water, favoring the
formation of elemental molybdenum outside the perovskite
cell. In 5% H2 + H2O, the insertion of Mo into the perovskite
cell is confirmed by the shift toward lower values of the
diffraction angles. No significant effect has the pretreatment at
400 °C carried out to gradually eliminate the organic residuals.
Also, in ST6M4 (Figure 1b) as in ST9M1, the thermal

treatment in air induces the formation of SrMoO4 and a
treatment under reducing conditions is necessary. In this last
case, the XRD pattern of ST6M4 obtained in 5% H2 + H2O is
consistent with the formation of a small amount of Mo(0)
(reflex at 40.5°).
Figure 2 shows the patterns after the thermal treatments

carried out on BST9M1. The accurate optimization of pO2
conditions is required to obtain the substitution of Sr with Ba
in ST9M1; calcination in air, in fact, causes the conversion
Mo(IV) → Mo(VI) and the precipitation of BaMoO4, BaO,
MoO3; calcination in 5% H2 dry conditions induces the
formation of Mo(0) and a reductive treatment in 5% H2 +
H2O induces the formation of BaMoO4/BaO, MoO3. A
reductive treatment in 5% H2 in H2O + C2H5OH (50% vol)
allowed us to successfully obtain the crystalline purity for
Sr0.5Ba0.5Ti0.9Mo0.1O3.
Stability under Oxidizing and Reducing Conditions.

Once obtained the insertion of Ba and Mo inside the
perovskitic crystalline cell, it is fundamental to evaluate if
stability is lost. Mo(IV) is stabilized by introduction into the
perovskite unit cell, and no signal is observed in the TPR
curves. According to the literature,22 titanium-based perov-
skites do not show any reduction peak.

Bhaskar et al.23 observed the reduction from Mo(VI) to
Mo(IV) at 767 °C and the reduction of Mo(IV) to Mo(0) at
987 °C; we did not observe these contributions. The catalysts
result stable also under oxidative condition: (TPO, 10% O2/
HeFigure 3).
In ST9M1, a narrow peak at 497 °C indicates the oxidation

of Mo(IV) → Mo(VI) and the formation of SrMoO4
(confirmed by the XRD pattern, Figure 4).
This result is in agreement with literature data (reporting

oxidation at 500−700 °C).24,25 Similar results were observed in
ST6M4 and BST9M1, showing two signals at 621 and 629 °C,
respectively. The higher temperatures are consistent with a
stabilization of Mo(IV). The broad peak shapes could be
explained by the traces of the Mo(0) on ST6M4, visible in
Figure 1b at 40.5°, and by the presence of MoO2 observed
with XPS analysis which reveals the partial oxidation of
Mo(IV) (confirming the stabilization), as evidenced by %O2
consumption data. Ba greatly decreases O2 consumption and
stabilizes Mo(IV) with respect to oxidation. With respect to
the total Mo, 27.9% is oxidized for BST9M1, compared with
45.3% for ST9M1 (60.9% for ST6M4). The oxidation of
elemental Mo to MoO3 also contributes to the O2
consumption detected for ST6M4.

Figure 1. XRD patterns of (a) ST9M1 and (b) ST6M4 after different treatments. (^) SrMoO4 (tetragonal) 01-085-0586 JCPDS database (*)
Mo(0) (cubic) 00-042-1120 JCPDS database; no symbols: SrTiO3 (cubic) 00-040-1500 JCPDS database.

Figure 2. XRD patterns of BST9M1 obtained after the several
preparation procedures. (^) BaMoO4/BaO, MoO3 (tetragonal) 00-
029-0193 JCPDS database; (*) Mo(0) (cubic) 00-042-1120 JCPDS
database; no symbols: Ba0.5Sr0.5TiO3 (cubic) 00-039-0039 JCPDS
database.
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The XRD patterns after TPO, Figure 4, show the presence
of small amounts of BaMoO4 (in BST9M1) and SrMoO4 (in
ST6M4 and ST9M1). With the purpose of testing the
reversibility of the molybdenum oxidation, XRD study of the
samples after TPR + TPO was performed and the phases were
checked by XRD. ST9M1 has shown a complete structure
restoration; ST6M4 and BST9M1 kept only trace of secondary
phases.
The undesired phases are improbably formed during

SOFC’s anode working conditions (reductive) and their
formation is reversible.18−20

Surface Characterization. Sr 3d XPS signal (Figure SI1
Supporting Information) shows contributions at 134.7−134.8
and 132.2−132.5 eV. The fitting procedure indicates the
presence of the perovskites (133.8−132.2 eV) and to SrO/
Sr(OH)2 (133.6 and 134.9 eV for 3d5/2 and 3d3/2,
respectively).26−28 The Ti 2p3/2 XPS peak position 458.6−
458.4 eV (Figure SI1) corresponds to cations in SrTiO3 and
BaTiO3.

27 Sample BST9M1 shows a contribution at 460.5 eV
(Figure SI1) that is consistent with a higher hydroxylation.
The asymmetric Ba 3d5/2 (Figure SI1) is at 779.4 eV as

expected for Ba in BaTiO3. Small contributions of BaCO3
(typically at 779.1 eV) and Ba(OH)2 (779.3 eV) are
observed.29,30

Considering both Mo(VI) (235.5−235.6 eV) and Mo(IV)
(232.5 eV), the Mo(VI)/Mo(IV) ratio is 0.7 in ST9M1 (0.85
in ST6M4) and 2.0 in BST9M1. The surface segregation of
Mo(VI) is not due to the effect of barium on the structure
stability (the Goldschmidt tolerance factor is only very slightly
affected by the presence of bariumTable 1and is very near
to the unity value, independently on the oxidation state of Mo)
but to the different preparation conditions.31−33 It deserves to
be underlined that XPS results are not conflicting with TPR
ones. At first it is evident from the XPS signal that Mo(IV) is
the main species, considering, moreover, that, in the present
case (Al Kα anodedetection angle 45°), the sampling depth
of Mo 3d signal is from 7 to 8 nm suggesting very few
monolayers of Mo(VI), not enough to be observed in the TPR
curve.
Two species contribute to the oxygen signal: lattice oxygen

(529.6 eV) and hydroxyl groups (about 531.8 eV) such as
Ba(OH)2 and non-perovskitic oxides (MoO3 and TiO2) on the
surface.32−36

The XPS quantitative analysis of Mo-doped titanates is
reported in Table 2. For a comparison, the samples SrTiO3 and
Sr0.5Ba0.5TiO3 were prepared trough citrates’ synthesis and
treated under the same reductive atmosphere used for Mo-
doped titanates. All the samples are characterized by surface
oxygen over stoichiometry confirming the presence of OH-
terminations. This is relevant because OH-groups can evolve
into Lewis surface active acidic and basic sites under thermal
treatment. Lewis surface sites can enhance CO and CO2
coordination eventually increasing the reactivity.37 In Table
2, also the cations-only surface compositions (at. %) are
reported to underline the surface segregation phenomena. Ti
surface segregation in SrTiO3 is observed to be less evident
when Mo is inserted. In this case, Sr is surface segregated in the
sample with a lower amount of Mo, whereas Mo tends to
surface segregate when present in higher amounts. A similar
trend is observed also in the Ba-containing samples but is a lot
less evident: the presence of large ion Ba2+ in BST9M1 keeps
the cation concentration close to the nominal value. Surface
segregation causes the creation of highly defective interfaces
that play a significant role in molecule activation (see
Paragraph 3.1).
Yoo et al.38 underline the equal mobility of constituent

cations in BaTiO3 and thus the absence of compositional
demising. Studies carried out on Ba1−xSrxTiO3 perovskites
suggested similar mobility for Ba and Ti and a higher mobility
for Sr.38−40 However, the lower constrain in the crystal
structure can be considered.13 The insertion of Ba into the cell
causes the decrease of ion mobility. Mo/Ti atomic ratios for
BST9M1 and ST9M1 are lower than the expected ones being
0.07 and 0.08, respectively. In ST6M4, a more significant
surface segregation of Mo was detected. The cation mobility in
doped BaTiO3 was related, by Rahaman et al.,41 to the
presence of dopants with attitude as donors (increased
mobility) and acceptor (decreased mobility). In this case, the
relative amount of Mo(VI)-donor/Mo(IV)-not donor seems
not to play a role confirming that Mo(VI) is not inserted into
the perovskite cell but segregated as oxide and cannot affect
bulk diffusion. The substitution of Ti with Mo seems to slightly
reduce the amount of surface oxygen whose atomic % gets
closer to the nominal one. This is not observed in the sample

Figure 3. Temperature-programmed oxidation (TPO, 10% O2/He)
on ST9M1 (red), ST6M4 (blue), and BST9M1 (green).

Figure 4. XRD patterns of BaySr1−yTixMo1−xO3 before and after TPO
(10% O2/He). (*) Mo(0) (cubic) 00-042-1120 JCPDS database; (^)
SrMoO4 (tetragonal) 01-085-0586 JCPDS database; and (+)
BaMoO4/BaO, MoO3 (tetragonal) 00-029-0193 JCPDS database.
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containing Barium; this result underlines the significant role of
Ba in surface hydroxylation and the minor role of Ti.
The SEM images (Supporting InformationFigure SI2)

reveal an homogeneous globular morphology composed by
particles of 100−200 nm diameter, probably as a consequence
of the high temperatures involved during the synthesis.
The specific surface area (between 4 and 5 m2/g) seems not

to be particularly affected by the synthesis conditions. The
particle size distributions displayed the presence of two main
diameters, 4 and 0.5 μm (Supporting InformationFigure
SI3). The d(0.5) of ST9M1 and ST6M4 was 4.014 and 4.200
μm, respectively.

■ RESULTS AND DISCUSSION: CATALYTIC AND
ELECTROCATALYTIC BEHAVIOR

Enhancing Catalytic Activity by Doping: Reactivity
with CO + O2. SrTiO3 is not active in CO oxidation or in dry
reforming,42 whereas after insertion of dopants, the almost
total CO conversion (Figure 5a) is observed at 700−800 °C
(operative conditions of SOFCs). The total CO conversion is
reached by ST6M4 at 800 °C, and ST9M1 at the same
temperature achieved 93%, thus underlying the effect of Mo on
catalytic activity. BST9M1 has shown the lower CO conversion
(80%). The ignition temperature follows the order ST9M1 <
ST6M4 < BST9M1 (Figure SI4) and a sort of plateau is
observed in ST9M1 (400−500 °C) and ST6M4 (600−700
°C), that is the temperature range observed for Mo(IV) →

Mo(VI), Figure 3, confirming the essential role of oxygen. In
agreement with the Mars van Krevelen mechanism,5,43,44 CO is
oxidized by lattice oxygen which is successively restored by
added oxygen. The preparation conditions (reduction) induce
a subsurface oxygen depletion which is recovered when the
temperature allowed it; similarly, the catalytic activity is
recovered.
A relevant contribution is also due to the surface active

oxygen species responsible, at the lower temperature, for a
suprafacial mechanism. For undoped and doped LaCoO3,
Pinto and Glisenti45 observed the prevalence of the suprafacial
versus intrafacial mechanism until 350 °C. The suprafacial
activation is probably un-favoured by the stability of Mo(VI).
Intrafacial activation can be relevant at high temperatures. The
compound with the higher amount of Mo, which is
characterized by the larger oxygen consumption (see TPO
results), is the catalyst showing the greater improvement in
performance.
The lower performance was observed on BST9M1 (starting

temperature 500 °C), but no activation step is needed. This is
in agreement with the minor oxygen consumption and lower
oxygen mobility of BST9M1 which makes difficult the sub-
surface oxygen deficiency correction. Low mobility at the grain
boundaries can contribute to the low oxygen mobility.
Reduced grain boundaries mobility has been observed by
several authors and confirmed to be enhanced by aliovalent
doping.42

Table 2. XPS Atomic Composition Obtained for the before and after the Insertion of Ba and Mo into the Perovskitic Cell and
for the Ni-Activated Nanocompositesa

sample Ni Ba Sr Ti Mo O Mo/Ti Sr/Ti O/(Sr + Ti + Mo)

Ba0.5Sr0.5Ti0.9Mo0.1O3 XPS 6 7 14 1 72 0.07 0.50 2.57
21 25 49 4

nominal 10 10 18 2 60 0.11 0.56 1.50
25 25 45 5

SrTi0.9Mo0.1O3 XPS 18 12 1 69 0.08 1.50 2.26
58 40 2

nominal 20 18 2 60 0.11 1.11 1.50
50 45 5

SrTi0.6Mo0.4O3 XPS 17 8 8 67 1.00 2.13 2.0
52 24 24

nominal 20 12 8 60 0.67 1.67 1.50
50 30 20

SrTiO3 XPS 23 13 64 1.77 1.78
63 37

nominal 20 20 60 1.00 1.50
50 50

Sr0.5Ba0.5TiO3 XPS 6 8 14 72 0.57 2.57
20 29 51

Nominal 10 10 20 60 0.50 1.50
25 25 50

Ni/SrTi0.9Mo0.1O3 XPS 10 13 6 1 72 0.17 2.17 2.57
36 41 21 2

nominal 7 17 15 2 59 0.13 1.13 1.44
18 41 37 4

Ni/SrTi0.6Mo0.4O3 XPS 8 12 5 5 71 1.00 2.40 2.45
29 36 17 17

nominal 7 17 10 7 59 0.70 1.70 1.44
18 41 25 16

aThe nominal compositions, derived from the weighted amounts, are reported for comparison. The atomic compositions determined considering
only the cations are indicated below the corresponding O-containing ones. This choice allows us to emphasize the surface segregation phenomena
hidden by the relevant amount of oxygen.
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Enhancing Catalytic Activity by Doping: Dry Reform-
ing. MDR is an endothermic reaction of high scientific and
industrial importance that requires very high temper-
atures.46−49 In spite of being studied from 1888, it is not yet
considered an industrially mature process, also because of the
C-poisoning and sintering of the catalysts.
All catalysts have been tested, but only ST9M1 shows some

activity (58% of CH4 and 53% of CO2 conversion at 800 °C),
Figure 5b. The activity started at around 625 °C, and the
conversion increases linearly with temperature. The catalyst
was kept at 800 °C under working condition for 6 h without
showing decrease of catalytic performance (Figure 5c).
Several aspects affect the performances of catalyst: the strong

interaction between supporting and active phases, the
dispersion and size of active phase, the basicity, the
reducibility, the oxygen exchange capability, porosity, and
specific surface area.50 The mechanism of MDR has been
investigated on several catalysts.51−53 In general, four steps are
considered: (1) dissociative adsorption of methane: which is
the rate-determining step and should be favored by step active
sites; (2) dissociative adsorption of CO2, which is generally
considered fast particularly at the metal-support interface. (3)
Hydroxyl groups formation; and (4) Intermediate oxidation
and desorption: surface oxygen is considered responsible of the
conversion of CHx-groups adsorbed on the surface in CO and
H2.

The reactivity of the ST9M1 can be explained by
considering the surface composition. Polo-Garzon et al.54

observed a marked effect of the perovskite surface composition
and segregation phenomena on catalytic activity. In particular,
they investigated the interaction and activation of methane on
several SrTiO3 samples obtained by means of different
preparation procedures and subjected to different post-
synthetic treatments. The obtained results, supported by
DFT calculations, indicate that the concentration of Sr at the
top layers is proportional to the rate of methane combustion;
DFT simulations showed that Sr step surfaces provide the
lowest activation barrier for methane dissociation. In the
present case, XPS indicated the higher atomic % of Sr are in
ST9M1 and ST6M4 (18 and 17%, respectively). This suggests
that, besides Sr, Mo also plays a role. By means of a NAPPES
study, Reddy et al. observed reversible changes in the
electronic structure of Mo-oxides, related with the presence
of Mo(V) necessary to assure the co-existence of Mo(IV) and
Mo(VI) and capable of originating now electronic states below
the Fermi energy, with marked effect on catalytic and
electrocatalytic behavior.55 These states could contribute to
the weakening of the C−H bond. Consistently with literature
data, the fitting procedure (results in Supporting Information)
allows us to reveal the presence of Mo(IV) and Mo(V); in
ST9M1, the Mo(IV)−Mo(V)/Mo(VI) atomic ratio is around
1, whereas in ST6M4, it is 0.1, and only Mo(VI) is observed in
BST9M1. In ST6M4, molybdenum is mainly segregated

Figure 5. (a) CO conversion as a function of temperature for ST9M1 (red), ST6M4 (blue), before (dotted line) and after (continuous line) Ni-
deposition. (b) ST9M1: % conversion in CH4 + CO2 from 500 to 800 °C. CH4 (black) and CO2 (red); before (dotted line) and after (continuous
line) Ni-deposition. (c) ST9M1: % conversion in CH4 + CO2 (stoichiometric) at 800 °C for 300 min. CH4 (black) and CO2 (red).
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outside the perovskitic cell as Mo(VI) and cannot contribute
to C−H bond activation. Surface-segregated Mo(VI) greatly
decreases the catalytic activity as a consequence of the stability
of this oxidation state and/or the absence of active exposed
facets.56,57 Another role surely played by Mo is decreasing the
C-poisoning: the anti-coking effect of this element was
observed, as an example, by Siahvashi et al. in the propane
dry reforming58 and by Neofytidis et al. in an SOFC operating
with methane internal reforming.59

Enhancing Reactivity through Nickel Deposition. The
effect of Ni deposition was investigated only in the catalysts
without Ba because of the marked decrease of the catalytic
performance consequent to this doping. The aim of the
development and study of the Ni (0.3 mol %)/SrTi1−xMoxO3
nanocomposites is to exploit the synergy between Ni and Mo
at the interface; in particular, the idea is to make use of the
attitude of Mo to bind oxygen to help keeping Ni in an
elemental state. This should be helpful both for catalysis
activity and conductivity (fundamental in SOFC electrodes).
TPR analysis is consistent with the deposition of 0.28 and

0.30 mol/mol, respectively, for Ni/ST9M1 and Ni/ST6M4.
The signals are centered at 400 and 550 °C (Figure SI5) and
correspond to the reduction of Ni(II) poorly (400 °C) and
strongly (550 °C) interacting with Ti and/or Mo.60−63 A
contribution due to Mo(VI) reduction can be excluded
comparing the experimental and nominal hydrogen con-
sumption values and the low temperature (the reduction
MoO3 was observed to be promoted by Ni around 640−650
°C64,65). The amount of Ni on the surface (XPS, Table 2) is
higher than the nominal one in Ni/ST9M1 and almost
corresponding to the nominal one in Ni/ST6M4; the
quantitative results suggest the absence of diffusion toward
bulk, the peak positions correspond to Ni(II). Ni deposition
does not affect the Mo/Ti atomic ratio but causes a slight
increment of Sr. Oxygen was detected in high amounts [O/(Sr
+ Ti + Mo) atomic ratio increases from 2.2 to 2.6].
The deposition of 30% mol/mol of Ni greatly increases the

catalytic activity in CO oxidation (Figure 5a): the ignition
temperature of Ni/ST9M1 is reduced more than 100 °C and
achieved total CO conversion at 500 °C; Ni/ST6M4 shows an
ignition temperature around 200 °C and is able to reach the
total CO conversion at 700 °C. Both the catalysts did not
display the intermediate temperature plateau suggesting that
oxygen lacking is not a limiting step. This agrees with
capability of Ni to facilitate CO chemisorption. CO is observed
to adsorb molecularly on Ni obtained by reduction of a
NiO(100) surface; CO2 forms by means of the lattice oxygen
of the supporting perovskite, following the Mars van Krevelen
mechanism. Oxygen vacancies thus generated themselves as
active sites for coordination of CO.59 The higher performance
of Ni/ST9M1 is consistent with a higher capability of the
support surface, rich of molybdenum in lower oxidation states,
to bind oxygen avoiding the oxidation of Ni.
Among all Ni-containing catalysts, only Ni/ST9M1 showed

reactivity in methane dry reforming, Figure 5b. Ni impregna-
tion does not increase the total CH4 conversion but shifts the
starting temperature to 500 °C. The results underline that the
addition of Ni improves the catalytic activity by allowing the
methane and carbon dioxide molecules activation at lower
temperatures.48,52,56,66 Following above-mentioned mecha-
nisms, the CO2 activation can be due to the deposited Ni
and the CH4 activation to the Ni/perovskite interface. Also, in
this case, the presence of molybdenum in lower oxidation

states is precious for assuring catalytic performance, as already
mentioned.
The catalyst was kept working at 800 °C 6 h showing only a

small decrease in the conversion after the first hour, 41% CH4
and 38% CO2. Further work is in course to verify the durability
and the amount of surface carbon as a function of the reaction
conditions46,50,56,57,66,67 and the de-coking action of molybde-
num.68

Enhancing Electrochemical Performance by Ni In-
filtration. The electrochemical investigation was carried out
on ST9M1, Ni/ST9M1, and Ni/ST6M4. The choice is driven
by the results obtained in the catalytic tests (CO oxidation and
dry reforming) in which the Ba-doped compound exhibits the
lower performance. The amount of Ni is 15% wt. The
symmetric SOFCs are the following:
ST9M1/GDC/YSZ/GDC/ST9M1
Ni/ST9M1/GDC/YSZ/GDC/Ni/ST9M1
Ni/ST6M4/GDC/YSZ/GDC/Ni/ST6M4
The tests have been carried out in anode conditions (H2 5%

in Ar).
The GDC buffer layer was necessary to avoid ion diffusion

and improve compatibility between the electrolyte (YSZ) and
the electrode (see Supporting InformationFigure SI6).
Figure 6 shows the homogeneous distribution of Ni particles

on the final pellets backbone of ST9M1 and ST6M4. ST6M4 is

characterized by a more significant porosity and smaller Ni
particle diameters (average diameter is 20−30 nm) compared
with ST9M1 (about 100 nm particle diameters).
Area specific resistance (ASR) (area specific resistance =

(RpS)/2 with Rp = polarization resistance and S = surface area
of the electrode) values have been obtained by Nyquist plots
through a model circuit fitting, an example of which is reported
in Figure 7.
The fitting of the experimental data was carried out by

means of Zview software (Scribner associated) using the more
adequate equivalent circuits; the relations, 1 and 2,69 allowed
us to calculate the frequency relaxation, f r, and the equivalent
capacitance of each contribution, Ceq

π= [ × ]f R1/ 2 ( CPE) n
r

1/
(1)

where R = resistance, [CPE] = module of CPE, n = dispersion
parameter.

Figure 6. SEM images of Ni/ST9M1 (left upper and lower for
different magnifications) and Ni/ST6M4 (right upper and lower for
different magnification) treated at 1300 °C.
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= ×[ − ]C R CPEn n n
eq

(1 ) (1/ )
(2)

In Figure 8, it is reported that the behavior of ASR versus
temperature (from 500 to 830 °C) for the samples ST9M1,

Ni/ST9M1 and Ni/ST6M4. ST6M4 infiltrated with 15% wt
Ni gave the better performance (0.85 Ω cm2 at 830 °C). The
value greatly decreases after Ni infiltration (from 27.2 Ω cm2)
and is lower than the ASR determined for Ni/ST9M1 (1.42 Ω
cm2). Ni infiltration decreases the Ea for ST9M1 from 1.57 to
0.36 eV (better than the Ea determined for Ni/ST6M40.49
eV).

Ni/ST9M1 and Ni/ST6M4 impedance spectra were fitted
to calculate the capacitance of each contribution, Ce, a
necessary step for attributing processes.69

The data obtained are consisting with two processes
contributing to limit the cell performance. These processes
can be attributed, based on the corresponding capacitance
values (Figure 9), to electrode processes (the contribution of
the electrolyte is characterized by lower capacitances).69−71

The comparison with the literature suggests that their origin
is in the modest electrocatalytic capability of titanates.70,71 The
two processes are attributed to the reactions that occurred on
three phase boundaries Ni/backbone (smaller contribution)
and on the perovskites surface (larger contribution).
The significant decrease of the contribution at lower

capacitance (0.1 F) suggests to attribute it to the catalytic
activity developed at the interface Ni/perovskite. In fact, the Ni
dispersion is higher in Ni/ST6M4 with respect to Ni/ST9M1
(Figure 6), whereas the amount of deposited Ni is the same.
The other contribution is probably due to the microstructure;
it does not change as a function of the Ni-dispersion,
perovskite composition, or temperature.

■ CONCLUSIONS
In this work, new CRM-free SrTiO3-based materials were
developed and optimized to obtain good catalytic and
electrocatalytic activity. These properties have been created
by three approaches: the substitution of lattice Sr and Ti
cations with Ba and Mo, the nano-composition by deposition
of Ni, and the Ni infiltration.
The developed materials have been tested as catalysts in CO

oxidation and MDR, possible fuels in SOFCs. The ions
substitution into the crystalline cells produces both its
deformation and the creation of a Mo(IV)/Mo(VI) redox
couple; these phenomena allows us to tune the ion mobility,
mixed ionic electronic conduction, and catalytic activity. The
catalytic performance in the above-mentioned reactions
suggested the possibility to use these materials as an anode
for SOFCs fed with C-containing fuels.

Figure 7. Nyquist plot of Ni/ST6M4 at 600 °C (green), 700 °C
(red), and 799 °C (black) under 100 cm3/min of H2 5% in argon.

Figure 8. ASR Arrhenius plot for ST9M1 (black), Ni/ST9M1 (red),
and Ni/ST6M4 (blue). The activation energy values obtained by
fitting these data are also reported.

Figure 9. Arrhenius plot of the capacitances for Ni/ST9M1 (red) and
Ni/ST6M4 (blue). Dash-dot lines refer to the process at low capacity,
and dash lines refer to the process at high capacity.
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High crystalline purity on all the compounds required an
accurate optimization of the pO2 pressure conditions. The
stability tests (TPR/TPO) performed on sample powders have
confirmed that cation substitution does not affect stability.
All materials are active in CO oxidation under SOFCs’

working temperature condition (total CO conversion for
ST6M4, 93% for ST9M1 and 80% for BST9M1). ST9M1
shows a good activity in MDR (58% of CH4 and 53% of CO2
conversion at 800 °C), and no significant decrease in reactivity
is observed. The activity is attributed to a synergic effect
between Ti and Mo. To increase the catalytic activity, nickel
deposition (30% mol) on ST9M1 and ST6M4 was carried out.
CO oxidation greatly increases. Ni/ST9M1 shows an ignition
temperature drop (from 650 to 500 °C) in MDR.
Impedance electrochemical spectroscopy demonstrated the

feasibility to use ST6M4 infiltrated with 15 wt % with nickel as
the anode for SOFCs: an ASR of 0.85 Ω cm2, was achieved at
830 °C.
Summarizing, good catalytic activity can be obtained by

substituting 10% at. of Ti with Mo, while electrocatalytic
activity is higher when 40% at.of Ti is substituted. Ni improves
both the catalytic (impregnation) and electrocatalytic (infiltra-
tion) performance. Because of the beneficial effect of the Ni/
perovskite interface, further work is in course for the
development of Ni nanoparticles deposition procedures that
allow us to assure a better control on the distribution and size.
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(11) Marrero-Loṕez, D.; Peña-Martínez, J.; Ruiz-Morales, J. C.;
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